Endogenous mechanisms exist to limit inflammation. One such molecule is netrin. This study examined the impact of ischemia-reperfusion (I/R) on netrin expression and the role of netrin in preventing renal inflammation and injury. All three isoforms of netrin (1, 3, and 4) are expressed in normal kidney. I/R significantly downregulated netrin-1 and -4 mRNA expression, whereas expression of netrin-3 was moderately upregulated at 24 h of reperfusion. The netrin receptor UNC5B mRNA increased at 3 h and but decreased at later time points. Expression of a second netrin receptor, DCC, was not altered significantly. I/R was associated with dramatic changes in netrin-1 protein abundance and localization. Netrin-1 protein levels increased between 3 and 24 h after reperfusion. Immunolocalization showed an interstitial distribution of netrin-1 in sham-operated kidneys which colocalized with Von Willebrand Factor suggesting the presence of netrin-1 in peritubular capillaries. After I/R, interstitial netrin-1 expression decreased and netrin-1 appeared in tubular epithelial cells. By 72 h after reperfusion, netrin-1 reappeared in the interstitium while tubular epithelial staining decreased significantly. Downregulation of netrin-1 in the interstitium corresponded with increased MCP-1 and IL-6 expression and infiltration of leukocytes into the reperfused kidney. Administration of recombinant netrin-1 significantly improved kidney function (blood urea nitrogen: 161 Ϯ 7 vs. 104 Ϯ 24 mg/dl, creatinine: 1.3 Ϯ 0.07 vs. 0.75 Ϯ 0.16 mg/dl, P Ͻ 0.05 at 24 h) and reduced tubular damage and leukocyte infiltration in the outer medulla. These results suggest that downregulation of netrin-1 in vascular endothelial cells may promote endothelial cell activation and infiltration of leukocytes into the kidney thereby enhancing tubular injury.
netrin-4; inflammation; endothelial cell; chemokine ACUTE KIDNEY INJURY (AKI) is an unfortunately common and serious complication of hospitalized patients. Ischemiareperfusion (I/R) injury is the leading cause of AKI in native or transplanted kidneys (26) . Despite recent advances in supportive care, the incidence of AKI continues to increase (29) . The pathophysiology of AKI due to I/R includes a complex interplay between vascular endothelial cell dysfunction, subsequent inflammation, and tubular cell damage (16) . Inflammation is known to contribute to I/R-induced tissue damage through release of mediators such as reactive oxygen species, proteases, cytokines, and chemokines (i.e., TNF-␣, IL-1, MCP), downregulation of anti-inflammatory molecules (IL-10), and upregulation of adhesion molecules (ICAM-1, E-selectin, and VCAM-1) (4, 5, 7, 13, 21, 27) . The netrins were discovered about a decade ago as neuronal guidance cues (23) . Netrins are laminin-like molecules with a distinctive domain organization and belong to the lamininrelated family of axon-guidance molecules (1) . Four netrins have been identified so far in different species. Mice express netrin-1, -3, and -4 which are encoded by distinct genes. Mouse netrin-1 shares 52% amino acid identity with mouse netrin-3, and 98 and 87% aa identity with human and chicken netrin-1, respectively (1, 23) . Netrins mediate their effects through two known receptors, Deleted in Colon Cancer (DCC) and UNC5 (1) . The DCC receptors, which include DCC and neogenin in vertebrates, function as homodimers to induce growth cone attraction, whereas the four UNC5 receptors (UNC5A-D in mouse and UNC5H1-4 in human) mediate netrins' repulsive effect, either by themselves or by forming heterodimers with DCC receptors (1) . Recently, it was shown that some effects of netrin are not mediated through DCC and UNC5 receptors (30) , suggesting the presence of unidentified receptors for netrins. Recent studies indicate various other roles of netrins beyond axonal guidance including development of mammary gland, lung, pancreas, and blood vessels, inhibition of leukocyte migration during sepsis, mitogenesis, and chemoattraction of endothelial cells (15, 30) . Netrin-1 is a potent inhibitor of leukocyte chemoattraction in vivo and prevented leukocyte migration in a peritonitis model (15) . Although the kidney has one of the highest levels of netrin expression (15) , the roles of netrin in kidney physiology and pathophysiology are unknown. The current studies explored the hypothesis that renal netrin expression may play a protective role against the inflammatory response seen in I/R injury.
We determined the changes in netrin expression in response to I/R of the kidney and whether netrin plays a role in preventing acute renal inflammation and injury of the kidney. We found that netrins (1, 3, and 4) and their receptors (DCC and UNC5b) are expressed in the kidney. Immunolocalization revealed that netrin-4 was localized in basement membrane, whereas netrin-1 prominently localized in the interstitium in normal kidney consistent with expression in peritubular capillaries. Within 3 h after reperfusion, netrin-1 protein expression was highly induced in tubular epithelial cells with a decrease in interstitial expression. By 24 h of I/R, netrin-1 staining was seen only in tubular epithelial cells. Administration of recombinant mouse netrin-1 prevented I/R of the kidney, reduced chemokine expression, and reduced leukocyte infiltration. Together, these data suggest that downregulation of netrin-1 in the peritubular capillaries may promote infiltration of leukocytes, whereas netrin-1 normally may counter this process. We propose that modulation of netrin-1 expression may be effective in preventing ischemic-reperfusion injury of kidney. hypoxic time, the mineral oil and HBSS were aspirated, washed, and replaced with serum-containing medium. Twenty-four hours after reoxygenation, cells were harvested and proteins were extracted for Western blot and RT-PCR analysis.
Western blot analysis. Protein was extracted by solubilizing cells or kidney in RIPA buffer containing a protease and phosphatase inhibitor cocktail (Sigma, St. Louis, MO). Protein concentration was quantitated using the BCA protein assay reagent (Pierce Biotechnology, Rockford, IL) and 50 g of total protein were loaded onto 4 -12% polyacrylamide gels, separated, and then transferred onto a PVDF membrane. The membrane was probed with rabbit anti-netrin-1 antibody (Calbiochem cat. no. PC344). Proteins were detected using enhanced chemiluminescence detection reagents (Amersham Pharmacia Biotech).
Immunohistochemical localization of netrin-1 and -4. Immunohistochemical localization of netrin-1 and -4 was performed as described before (15) with modification. Briefly, the kidneys were perfused with PBS and fixed overnight in 4% paraformaldehyde and then transferred to 30% sucrose. Kidney was placed in a cryomold and frozen. Six-micrometer-thick sections were placed on glass slides. Sections were washed with PBS, permeabilized with 0.2% Triton X-100 in PBS, washed, and blocked with PBS containing 5% donkey serum and 1% BSA. Primary antibodies included a chicken anti-netrin-1 polyclonal antibody (Neuromics cat. no. CH23002) and goat antinetrin-4 polyclonal antibody (R&D Systems, cat. no. AF1132). Primary antibodies were detected using secondary antibodies conjugated with FITC (Abcam). Slides were mounted in aqueous mounting medium (Santa Cruz Biotechnology) and viewed using a Leica confocal microscope. To colocalize netrin-1 and Von Willebrand Factor (VWF) or Tie-2 GFP, we used an FITC-conjugated sheep anti-VWF antibody (abcam, cat. no. 8822) and chicken anti-netrin-1 polyclonal antibody followed by a goat anti-chicken cy5 conjugate (Abcam).
Histology. Kidney tissue was fixed in buffered 10% formalin for 12 h and then embedded in paraffin wax. For assessment of injury, 5-m sections were stained with periodic acid Schiff (PAS). To quantitate leukocyte infiltration, sections were stained with naphthol AS-D choroacetate esterase (Sigma kit no. 91A) which identifies neutrophils and monocytes. Twenty-five ϫ40 fields of esterasestained sections were examined for quantitation of leukocytes.
Statistical methods. All assays were performed in duplicate. The data are reported as means Ϯ SE. Statistical significance was assessed by an unpaired, two-tailed Student's t-test for single comparison or ANOVA for multiple comparisons.
RESULTS

Netrin mRNA expression is downregulated in response to I/R.
Earlier studies showed that netrins are expressed in tissues outside the nervous system and highest expression was found in the kidney (6, 14, 15) . The expression of netrin was downregulated during sepsis-induced inflammation of the lung (15) . We hypothesized that netrin-1 was downregulated in the kidney after I/R and that this downregulation contributes to leukocyte infiltration and tissue injury. All three netrins (1, 3, and 4) and the netrin receptors UNC5B and UNC5C were highly expressed in normal kidney (Fig. 1, A and B) . DCC and UNC5A expression were low but detectable while UNC5D mRNA expression was undetectable (Fig. 1A) . The expression of netrin-1 was significantly downregulated at 6 and 24 h after reperfusion and recovered to baseline levels by 48 h, whereas netrin-4 expression was chronically downregulated after 24 h (Fig. 1B) . Netrin-3 expression was not altered significantly (not shown). Two of the prominent netrin receptors were analyzed by real-time PCR. DCC and UNC5B receptor expression showed an early increase and then decrease after 48 h of reperfusion (Fig. 1B) .
Netrin-1 protein is induced in tubular epithelial cells and reduced in endothelium after I/R.
To determine whether mRNA expression correlated with protein expression, netrin-1 and -4 were analyzed by Western blot. In contrast to mRNA, netrin-1 protein increased gradually starting from 3 h and reached peak levels at 24 h after reperfusion (3-fold; Fig. 2 ) and returned to baseline levels by 72 h. This result suggests that netrin-1 may be regulated at the translational level. Netrin-4 protein abundance was not altered significantly (not shown). We next examined the cellular distribution of netrin-1 and -4. Netrin-4 was localized in peritubular basement membranes in shamoperated animals and its localization was not altered significantly after I/R except at later time points when netrin-4 staining decreased and appeared in the luminal surface or mixed with cell debris (Fig. 3 ). Netrin-1 protein was primarily localized in the interstitium with very little staining in tubular epithelial cells in normal kidney (Fig. 3) . Netrin-1 expression was colocalized with VWF and with endothelial-targeted GFP (Fig. 4) suggesting expression in the peritubular capillaries. However, within 3 h after reperfusion, netrin-1 appeared in tubules and decreased in the interstitium. Twenty-four hours after reperfusion, most of the staining was in tubular epithelial cells and very little or no staining was seen in the interstitium. By 72 h after reperfusion, tubular epithelial staining decreased and interstitial staining reappeared (Fig. 3) .
In vitro hypoxia alters netrin-1 expression in cultured endothelial and renal tubular epithelial cells. Consistent with its interstitial localization in vivo, netrin-1 is expressed in renal microvascular endothelial cells in vitro (Fig. 5) . Netrin-1 mRNA expression in endothelial cells was upregulated significantly 24 h after hypoxia-reoxygenation (Fig. 5C) ; however, the protein expression was not changed (0.9 Ϯ 0.02-fold vs. control, P Ͼ 0.05 at 30 min; Fig. 5A ). In contrast, mouse proximal tubular epithelial cells (TKPTS) expressed low levels of netrin-1 which were highly induced after 30 min of hypoxiareoxygenation (1.7 Ϯ 0.02-fold vs. control, P Ͻ 0.001; Fig. Nuclei were stained blue with DAPI. No netrin-1 and -4 staining was seen in the primary antibody negative controls (top). In sham-operated kidney, netrin-1 staining was mainly in the interstitium. Three hours after reperfusion, staining appeared in tubules and intense tubular staining was seen at 24 h after reperfusion. At the same time, interstitial staining disappeared. Seventy-two hours after reperfusion, interstitial staining reappeared and tubular staining decreased. Netrin-4 staining was mostly seen around tubules in the basement membrane in sham-operated animals. There was not much change in staining at 3 and 24 h after reperfusion. Seventytwo hours after reperfusion, staining was present within tubules and inside the lumens. 5B) and which was associated with downregulation of netrin-1 mRNA (Fig. 5C) .
Recombinant netrin-1 improves kidney function and reduces leukocyte infiltration. Netrin-1 is highly expressed in endothelial cells where it is downregulated in response to ischemia in vitro. Earlier studies showed that netrins act on leukocytes to inhibit migration across the endothelium (15) . We hypothesized that the observed downregulation of netrin-1 in the interstitium may promote endothelial cell activation, leukocyte infiltration, and subsequent renal injury. Administration of recombinant netrin-1 (1 g/animal) 2 h before I/R improved renal function moderately [blood urea nitrogen (BUN): 148 Ϯ 10 vs. 180 Ϯ 4 mg/dl] at 24 h while administration of 5 g/animals improved renal function significantly at 24 h (BUN: 104 Ϯ 24 vs. 162 Ϯ 7 mg/dl; creatinine: 1.2 Ϯ 0.07 vs. 0.7 Ϯ 0.1 mg/dl at 24 h, P Ͻ 0.05, n ϭ 4 -6) and 48 h after reperfusion (Fig. 6) . Consistent with the improvement in renal function, neutrophil infiltration was also reduced significantly in netrin-1-treated kidneys compared with vehicle-treated animals (Fig. 7) . In addition, histological assessment indicated that vehicle-treated kidneys contained severe injury in the outer stripe of outer medulla including cast formation, sloughing of tubular epithelial cells, and loss of brush-border membrane. These changes were minimal in netrin-1-treated animals. Of interest, administration of a similar dose (5 g/animals) of recombinant netrin-4 did not improve renal function (BUN: 178 Ϯ 20 vs. 151 Ϯ 7 at 24 h, P Ͼ 0.05, n ϭ 5-7; Fig. 8 ).
I/R injury is associated with upregulation of adhesion molecules and inflammatory cytokines. Inhibition of the expression or function of many of these molecules provides protection against ischemic renal injury and leukocyte infiltration (8, 11, 12, 18) . Therefore, we examined the effect of netrin-1 administration on MCP-1, IL-6, ICAM-1, VCAM-1, and Eselectin expression. As shown in Fig. 9 , I/R increased expression of MCP-1, IL-6, and ICAM-1 several fold as early as 3 h and persisted even after 24 h. Administration of recombinant netrin-1 significantly downregulated MCP-1 mRNA at 24 h. There was no change in IL-6 expression. Although ICAM-1, VCAM-1, and E-selectin showed a 50% reduction in expression in netrin-1-treated animals, this did not reach statistical significance.
DISCUSSION
I/R injury of the kidney results from a sequence of events which includes endothelial cell activation and swelling, increase in vascular permeability, infiltration of leukocytes, loss of polarity and cytoskeletal integrity of the tubules, necrosis and apoptosis, production of proinflammatory cytokines, and interstitial inflammation (2-4, 7, 8, 16, 24) . Barriers are present in normal tissues to prevent the influx of inflammatory cells, endothelial cell activation, and inflammation. These mol- ecules are produced by kidney epithelial, endothelial, vascular, and interstitial cells and include growth factors (e.g., VEGF, IGF-1), anti-inflammatory cytokines (IL-10), nitric oxide, and heme oxygenase (10, 22, 25, 26, 28) . We propose, based on the current results, that endothelial netrin-1 represents yet another homeostatic protein whose dysregulation after ischemia contributes to the development of organ failure.
Netrins were discovered as prototypical axonal attractants, initially identified as extracellular factors secreted from the floor plate that attract spinal commissural axons toward the midline (23) . The netrin family in mouse includes netrin-1, -3, -4 and the netrin-related molecules netrin-G1 and netrin-G2. Netrins mediate their action through deleted in colorectal cancer (DCC and neogenin) and the UNC5 family of receptors (a-d), particularly UNC5B. Recent studies indicated a role for netrins beyond the nervous system including the development of mammary gland, lung, pancreas, and blood vessels (6, 30) . More recently, it was shown that netrin-1 promotes blood perfusion after skeletal muscle ischemia, promotes revascularization, improves nerve conduction velocity in diabetic mice (30) , and inhibits leukocyte migration in sepsis (15) . Netrin-1 is expressed in many tissues including brain, lung, heart, liver, intestine, and kidney (15) . Kidney is among the highest netrin-1-expressing organs studied. Despite its high expression, the role netrins play in kidney physiology and pathophysiology is unknown. The current study sheds some novel insights regarding the roles of netrins in I/R injury of kidney.
We found that all three netrins (1, 3, and 4) and their receptors, DCC and UNC5A-C, were expressed in normal kidney. I/R injury was associated with dramatic changes in the abundance and localization of netrin-1. Expression of netrin-1 and -4 mRNA was downregulated 6 h after reperfusion. Although netrin-1 returned to normal by 48 h after reperfusion, netrin-4 mRNA was persistently downregulated. In contrast to the mRNA levels, netrin-1 protein abundance in the kidney increased approximately threefold after ischemia. Moreover, the distribution of netrin-1 changed from being primarily endothelial to being primarily epithelial.
The changes in endothelial and epithelial netrin-1 expression could be recapitulated in vitro using cultured renal microvascular endothelial cells and proximal tubule cells. The functional significance of these changes was assessed by administering recombinant netrins to mice before I/R injury. Netrin-1 exerted a dose-dependent protection against renal dysfunction. Netrin-4 had no effect. Since exogenous netrin-1 was protective, we speculate that the observed loss of netrin-1 in endothelial cells, rather than increase in epithelial netrin-1, contributes to I/R injury. Netrin-1 was colocalized with VWF suggesting vascular expression in sham-operated animals. Studies showed that VWF is produced in cells other than endothelial cells such as megakaryocytes (present in ␣-granules of platelets) and subendothelial connective tissues. Apart from plasma, VWF is present in the extracellular matrix of the subendothelium (20) . The VWF and netrin-1 staining pattern suggests that netrin-1 in normal kidney might be localized in the extracellular matrix of the subendothelium where it may regulate the function of the infiltrating leukocytes.
Netrin-1 is potent inhibitor of leukocyte migration across the endothelium (15) . Netrin receptor DCC and UNC5b showed to be expressed on the leukocytes. We show that exogenous netrin-1 improved renal function and decreased the expression of MCP-1, adhesion molecules, and the infiltration of leukocytes into the kidney. Monocyte chemoattractant protein-1 (MCP-1) is a potent chemokine that stimulates monocyte migration into the intima of arterial walls and organs (21) . MCP-1 is produced by both macrophages and renal parenchymal cells (9, 19) . Using CCR2-deficient mice, Furuichi et al. (9) established a role for MCP-1 in ischemic kidney injury. Likewise, adhesion molecules, such as ICAM-1, play important roles in ischemic renal injury (12) . We hypothesize that netrin-1 produced by vascular endothelial cells may inhibit MCP-1 and ICAM production and leukocyte infiltration or may act directly on leukocytes to inhibit migration across endothelial cells. Downregulation of netrin-1 in the endothelium during ischemia may relieve this inhibitory effect on leukocytes and lead to increased inflammation. Netrin-1 is also known to increase blood perfusion after an ischemic insult in skeletal muscle (30) . Whether a similar mechanism may exist in I/R of the kidney is not clear. The signal for the downregulation of endothelial netrin-1 was not investigated here. Earlier studies showed that netrin-1 mRNA expression is downregulated by TNF-␣ and INF-␥ in cultured endothelial cells (15) . Since TNF-␣ mRNA and protein are increased in renal I/R (7), TNF-␣ may be responsible for the changes in netrin-1 expression. Further in vitro studies using cultured renal microvascular endothelial cells and in vivo studies in TNF-␣-deficient mice could address this possibility.
The protective effect of recombinant netrin-1 against I/R injury was significantly better than netrin-4, although they belong to same family of proteins. It is interesting to note that the localization pattern and regulation of expression of netrin-1 and -4 were completely different. Earlier studies showed that although netrin-1 and -4 were equally effective in inducing endothelial proliferation and tube formation in vitro, when administered in vivo to ischemic skeletal muscle, netrin-1 induced more vessel formation and VEGF than netrin-4 (30). Moreover, netrin-1 and -4 do not bind the same receptors to mediate their actions. The localization of netrin-4 in basement membrane suggests it may participate in adhesion and migration of epithelial cells and may function in maintaining the polarity of tubular epithelium. The cells which produce netrin-4 in adult mouse kidney are not known. It was shown to be expressed by tubular epithelial cells during development (31) .
Netrin-1 protein expression was found in normal kidney localized mostly in the endothelium consistent with in vitro finding that netrin-1 is highly expressed in renal microvascular endothelial cells. Within 3 h after reperfusion, the endothelial staining decreased and netrin-1 began to appear in tubular epithelial cells. The signal for netrin-1 upregulation in the tubular epithelial cell is not known. Since netrin-1 mRNA did not increase in concert with protein abundance, netrin-1 production by epithelial cells may be regulated at the translational level. We previously showed that production of TNF-␣ by renal epithelial cells is also under translational regulation (19) . However, the physiological role of epithelial netrin-1 in renal injury is unclear. Studies using tissue-specific deletion of netrin-1 may be needed to address this issue.
In summary, all three netrins and two receptors (DCC and UNC5b) were expressed in the normal mouse kidney. Netrin-1 was localized in the interstitium consistent with vascular endothelial expression, whereas netrin-4 was localized in the tubular basement membrane. In response to I/R, netrin-1 expression was downregulated in the subendothelial matrix but upregulated in tubular epithelial cells. Administration of recombinant netrin-1 improved ischemia-induced renal dysfunction, perhaps by reducing chemokine expression and leukocyte infiltration. Since previous studies suggest a role for netrin-1 in maintaining vascular endothelial function (17) , netrin may have some utility as therapeutic agent in ischemic renal injury and other kidney diseases involving microvascular dysfunction, such as diabetic nephropathy. In addition, the role of urinary netrin-1 measurement for the early diagnosis of AKI is addressed in a companion paper to this report (20a) .
